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In Brief A critical step in understanding human cognition is to identify neocortical neuronal types. Here, Wang et al. reveal a subpopulation of human inhibitory interneurons with weak-stimulationtriggered intrinsic persistent activity. This type of neuron is present in primate but not rat neocortex, possibly participating in higher-order brain functions.
INTRODUCTION
Individual neurons in the central nervous system evaluate synaptic inputs and transform them into the main output signal, the action potential (AP), following a computational function mainly determined by their electrical properties and morphological features. A huge diversity of neuronal types in the neocortex forms neural circuits that mediate higher order cognitive manifestations. In addition to the great expansion of cortical volume during evolution, unique cell types in the human neocortex may contribute to its versatile mental abilities. For example, the Von Economo neurons (VENs) with distinct morphological characters have only been found in large-brained mammals, including human and nonhuman primates (Economo and Parker, 1929; Evrard et al., 2012; Nimchinsky et al., 1999) . This specialized cell type may contribute to the rapid transmission of social information and self-awareness (Allman et al., 2005; Seeley et al., 2006) . Except for the finding of VENs, the search for unique cell types in the human neocortex turns out to be unfruitful.
Traditionally, neocortical neurons are considered as ''Platonic '' or ''ideal'' devices (Lliná s, 1988) : their AP firing is limited to the instant when a threshold is reached by cumulative or coincident synaptic inputs (Stuart et al., 1997) . Such strict input-output coupling is especially important for the inhibitory interneuron (Galarreta and Hestrin, 2001; Hu et al., 2010) , which should provide precise inhibition to maintain network stability (Shu et al., 2003) and facilitate fast and reliable information processing (Cardin et al., 2009; Pouille and Scanziani, 2001 ). However, the intrinsic properties of neurons are not always ''ideal.'' For example, semilunar granule cells in the dentate gyrus can fire APs for a long duration in response to brief stimulation of the perforant pathway (Larimer and Strowbridge, 2010) , and neocortical pyramidal cells (PCs) can generate graded persistent activity while metabotropic receptors are activated (Egorov et al., 2002; Sidiropoulou et al., 2009) . Despite the lack of substantial evidence for the behavioral relevance of ''unideal'' neurons, theoretical studies have suggested important roles of these neurons in cortical functions (Lisman et al., 1998; Loewenstein and Sompolinsky, 2003) .
Here we sought to investigate whether human neocortical neurons possess distinct physiological properties. We performed whole-cell recording from neocortical neurons in brain tissues removed from human patients, along with healthy macaque monkeys and rats. We examined the electrophysiological properties and morphological parameters of different types of cortical neurons. We found a subpopulation of human and monkey cortical interneurons that generates intrinsic persistent firing after a brief stimulation, resulting from the activation of persistent Na + currents.
RESULTS

Persistent Activity Can Be Triggered by Single APs
In a subpopulation of neurons examined in human slices, we found that single APs evoked by brief (0.5 $ 2 ms) current pulses triggered persistent firing, i.e., persistent activity, when the V m was maintained just below the firing threshold ( Figures 1A-1C ).
The somata of these persistent-activity neurons (PANs) were not pyramid shaped, suggesting that they might represent a subtype of interneuron in the human cortex. To ascertain what proportion of interneurons are PANs, in a subset of experiments, we preferentially sampled from non-PCs (see Experimental Procedures) and found that 9.1% (n = 5 of 55) of them were PANs. In all of the following experiments, we specifically searched for PANs, not only preferentially targeting non-PCs but also discarding most non-PANs, across cortical layers (from layer II to layer V) to investigate their various electrophysiological and morphological properties. PANs exhibited a high-input resistance (R in , 659 ± 57 MU, n = 43) and an accelerating-accommodating firing pattern in response to moderate current injection (Figures 1D, S1A, and S1B). The highest firing frequency in response to 500-ms-long current pulses was 153 ± 8 Hz (n = 36; Figure 1D ), while the AP half-width was 0.53 ± 0.02 ms (n = 42), similar to that of other non-fast-spiking (non-FS) non-PCs (0.57 ± 0.02 ms, n = 93, p = 0.47). The evoked persistent activity had average duration and frequency of 4.6 ± 0.8 s and 2.8 ± 0.4 Hz ( Figure 1E ), respectively. Similar brief stimulation could trigger single APs but no additional discharges in PCs (n = 24; Figure 1F ), fast-spiking (FS) neurons (n = 98; Figure 1G ), other non-FS non-PCs (n = 103), and some undefined neurons (n = 80). A depolarizing plateau potential was found underlying the persistent activity when we injected hyperpolarizing currents small enough to prevent AP generation ( Figure 1H ). Further hyperpolarization of the membrane potential (V m ) progressively reduced the duration and the amplitude of the plateau potential ( Figure 1H ). The integrated voltage area was reduced from 4.4 ± 1.1 to 2.1 ± 0.4 mV , s (n = 4), as the V m hyperpolarized from À65 to À70 mV.
Other forms of intrinsic persistent activity in the cortex normally require a high-frequency burst of APs evoked by prolonged stimulation (Fransé n et al., 2006; Sheffield et al., 2011) . We therefore examined the dependence on stimulation intensity. Increasing the AP number in a 50-Hz burst progressively reduced the duration and the integrated voltage area of the plateau potential (Figure 1I) . The most effective stimuli to ''turn on'' a plateau potential were 1-3 APs. We next examined whether AP bursts could ''turn off'' the persistent firing. A brief stimulus identical to the ''turn on'' stimulus showed no effect on persistent firing. However, bursts with 10 or more APs at 50 Hz could reliably cause an immediate cessation of the persistent firing ( Figure 1J ).
In total, we collected 68 human PANs. They were from cortical areas, including temporal lobe (n = 61 neurons from 32 patients), frontal lobe (n = 5 from 5 patients), occipital lobe (n = 1), and parietal lobe (n = 1), and patients of different ages (ranging from 3 to 60; <18 years old, n = 13 of 39 patients; Table S1 ) with either epilepsy (n = 65 from 36 patients) or nonepileptic brain tumor (n = 3 from three patients; Figures S1C-S1E; Table S1 ). In addition, in cortical slices obtained from two monkeys, we also observed single AP-evoked persistent activity in 7 of 76 non-PCs ( Figures  2A and 2B ). The occurrence frequency of PANs in non-PCs in monkey tissues (9.2%, n = 7 of 76) was comparable to that in human tissues (9.1%, n = 5 of 55). PANs found in monkey cortical slices behaved similarly and shared similar intrinsic properties with those in human tissues ( Figure 2A ; Table S2 ). In cortical slices obtained from rats, however, none of the non-PCs (n = 70 from eight juveniles and n = 118 from five adult rats) showed such persistent activity ( Figures 2C and 2D ).
PANs Are Inhibitory Interneurons
Following the whole-cell recording, we performed single-cell RT-PCR to further characterize the molecular identity of human PANs (n = 9). All of them expressed glutamic acid decarboxylase I (GAD1 or GAD67), indicating that they were GABAergic neurons. In addition, these neurons expressed at least one of the three markers: somatostatin (SST, n = 5), cholecystokinin (CCK, n = 3), and calretinin (CR) (n = 5) ( Figures 3A and 3B ), whereas parvalbumin (PV), calbindin (CB), vasoactive intestinal peptide (VIP), or neuropeptide Y (NPY) could not be detected ( Figure 3B ).
Morphology reconstruction of 27 human PANs revealed that they were located in layers II/III (n = 11), IV (n = 11), and V (n = 5). Among them, 7 were bitufted, 10 bipolar, and 10 multipolar in terms of somatodendritic morphology ( Figure S2A ). Their dendritic branches were simple, short and vertically oriented, while axonal arbors were intracolumnar and also vertically oriented ( Figures 3C and 3D ). Sholl analysis showed that axons were more extended and more complex than dendrites ( Figure 3D ), but never projected to the white matter, which is consistent with features of cortical interneurons. Detailed morphological parameters were presented in Table S3 .
PANs Possess Distinct Intrinsic Properties
We next examined the intrinsic membrane properties of human PANs. Since PANs composed of subgroups according to their general descriptive morphologies, layer location, and somatodendritic shape ( Figure S2 ; Table S3 ), we first examined the intrinsic physiological variations between PAN subgroups. Physiological difference between PANs in different layers only lay in membrane capacitance (C m ; Figure S2B ). Bipolar PANs differed from the other two groups by expressing a lower R in and a lower AP threshold ( Figure S2C ).
To further characterize the intrinsic properties of PANs beyond the variations within the population, we performed clustering analysis using 19 physiological parameters from each of 233 human non-PCs in total, of which 33 were PANs. First we performed hierarchical clustering to assign all the neurons into three groups ( Figure 3E ). Group I consisted of 21 neurons, expressing the broadest AP and showing burst firing pattern, whereas group II consisted of 86 neurons with the thinnest AP and a non-adapting firing pattern, indicating that they were FS neurons ( Figures  3F and 3G ).
All the 33 PANs fell into group III, along with 93 neurons without persistent activity. Further k-means clustering classified them into two groups: one including most of the PANs (n = 27 of 33) and 32 non-PANs (named PAN-like neurons, sharing a similar firing pattern with PAN) and the other one including 61 nonPANs (PAN-unlike neurons, expressing regular-spiking firing) and only 6 PANs ( Figures 3H and 3I ). We found that even though PANs did not possess the smallest cell membrane area (PAN C m , 72.2 ± 5.6; PAN-like neurons, 50.3 ± 3.9; FS neurons, 62.7 ± 3.1; and PAN-unlike neurons, 67.1 ± 4.2 pF), their R in (686 ± 67 MU, n = 33) was much higher than that of FS (109 ± 13 MU, n = 86) and PAN-unlike (402 ± 30 MU, n = 61). PAN-like cells possessed a comparable R in (705 ± 66 MU, n = 32, p = 0.84) to that of PAN, but exhibited larger AHP (18.2 ± 0.9 versus 15.2 ± 0.8 mV, p = 0.01) and higher maximal AP falling rate (À211 ± 11 versus À174 ± 8 V/s, p < 0.01), suggesting a higher K + current density in PAN-like neurons as compared with PANs ( Figure 3J ; Table S4 ). In summary, human PANs expressed relatively high R in and low K + current density.
Role of Persistent Na + Currents We further investigated the underlying mechanism for the generation of plateau potential in human PANs. Application of fast synaptic transmission blockers (CNQX, 10 mM; DL-APV, 25 mM; and picrotoxin, 50 mM) could not abolish the generation of plateau potential and persistent firing (n = 3), indicating an independence on recurrent synaptic activity. Bath perfusion of tetrodotoxin (TTX) (0.5-1 mM) blocked all APs in 10 min. However, during the first few minutes when effective TTX concentration was low and brief current pulses could still evoke Na + -APs, the plateau potential was already completely abolished ( Figures 4A and  4B) , suggesting a role of TTX-sensitive Na + currents in mediating the plateau potential. In the presence of Riluzole (20 mM), an inhibitor of persistent Na + currents, only the plateau potential was largely attenuated ( Figure 4C ). The integrated voltage area of the plateau potential was reduced by 76% ± 7% (n = 6; Figure 4D ). These results demonstrate a critical role of persistent Na + currents in generating the plateau potential, and thus the persistent activity.
In comparison with traditional artificial cerebrospinal fluid (ACSF), the modified ACSF used in this study had a lower level of divalent cations, Ca 2+ and Mg 2+ (see Experimental Procedures). Increasing the extracellular Mg 2+ from 1 to 2 mM caused negligible change in the plateau potential area (by À2.0% ± 7.0%, p = 0.25, n = 5), whereas increasing Ca 2+ from 1 to 2 mM resulted in significant reduction (by À50.5% ± 6.3%, p < 0.01, n = 6; Figure S3 ). This result demonstrates that the plateau potential can be modulated by extracellular Ca 2+ level, consistent with the modulation of persistent Na + currents by extracellular Ca 2+ (Su et al., 2001 ). The persistent Na + currents are widely expressed in different types of neurons and mediated by the same voltage-gated Na + channels responsible for the transient Na + current, but they are generally small (Mantegazza et al., 2005; Maurice et al., 2001; Puopolo et al., 2007) . The greater R in and lower K + current density in PANs may boost V m depolarization induced by small persistent Na + currents.
Single-Compartment Model of PANs
Next we implemented a simplified model using NEURON simulation environment to further investigate the mechanism underlying the generation of persistent activity. In addition to classical Hodgkin-Huxley Na + and K + channels, we introduced a slowly inactivating persistent Na + current (I NaP ; Figure 4E ) to a single compartment model with the membrane conductance and capacitance proximate to our experimental data. Although the maximal persistent Na + conductance was much less than transient conductance (G NaP : G NaT = 1: 1400), they could generate enough window currents ( Figure 4E ) to depolarize the V m and cause persistent firing after a single-AP stimulation ( Figure 4F ). The spontaneous cessation of persistent activity was attributable to cumulative inactivation of the I NaP ( Figure 4F ). Because repetitive firing facilitates inactivation of I NaP , increasing the number of high-frequency APs by prolonging the stimulation current pulse progressively reduced the duration of plateau potential ( Figures 4G and 4H) , consistent with the experimental results ( Figure 1I) .
Experimental results suggested that the high R in and low K + current density of PANs may promote the generation of persistent activity. Indeed, elevation of either leaky conductance (i.e., decrease in R in ), K + conductance (G K ), or both could reduce the integrated area of the plateau potential evoked by single APs ( Figure 4I ). These modeling results indicate that the activation of I NaP , with the involvement of high R in and low G K density, is sufficient to generate persistent activity in PANs.
DISCUSSION
We identified a subpopulation of human neocortical inhibitory interneurons that could generate persistent AP firing after a brief stimulation, but ceased firing after a strong stimulation. Experiments and simulations revealed a role of persistent Na + current in the generation of persistent activity. Among all cortical interneurons, the estimated percentage of PANs was relatively high ($9% in human and monkey), suggesting that they may play an important role in high-order brain functions.
Most of the PANs were from patients suffering intractable epileptic seizures. The three PANs found in tumor patients without epilepsy suggest that homeostatic changes in epileptic tissues may not be essential for the generation of persistent activity. Additional confirmation came from the similar proportion of PANs in the monkey neocortex. Previous findings demonstrated that the persistent Na + current could be altered in the epileptic brain (Stafstrom, 2007) , and K + currents could be changed and facilitated ictal-like events induced in vitro (Andreasen and Nedergaard, 2012) . Because of the lack of healthy human tissues, it is difficult to provide substantial evidence to exclude the possible link between PAN and pathological changes.
We found no such PAN in either juvenile or adult rats, suggesting that they could be unique to primates. However, whether these interneurons exist in other species remains to be further examined. One explanation for the absence of PAN in rat brain could be the lack of high-R in neurons. However, by comparing the R in distribution between species, we found a comparable proportion of high-resistance neurons between human and rat ( Figure S4A ). There were indeed rat neurons with as high resistance as PANs. Moreover, PANs occupied the lowest conductance density (1/R in C m ) fraction of human non-PCs, and the rat neurons had relatively high conductance density ( Figure S4B) . The difference in distribution of membrane conductance density between human and rat could partially explain why PAN was not found in rat brain. However, many other factors might also be involved, including Na + channel kinetics and other membrane channels, which are yet to be investigated. Our experimental and modeling results indicate that persistent activity of PANs is attributed to the activation of persistent Na + currents. Previous studies revealed important contribution of this current to spontaneous pace-making activities (Khaliq and Bean, 2010; Puopolo et al., 2007) . However, single AP-triggered sustained activation of the persistent Na + current has not been reported elsewhere, possibly because various K + currents are counteracting its depolarizing effect (Hage and Salkoff, 2012; Stafstrom et al., 1985) and the persistent Na + current is normally too small to maintain V m depolarization. The generation of persistent activity in PANs is also attributable to their unique intrinsic properties. Modeling results further demonstrate that higher R in and lower K + current can facilitate the sustained depolarization by persistent Na + currents. A high-frequency AP burst can induce severe inactivation of the persistent Na + current (Fleidervish and Gutnick, 1996) and consequently ''turn off'' the persistent activity. The persistent Na + current is also modulated by extracellular Ca 2+ concentration (Su et al., 2001) . Increasing the extracellular Ca 2+ concentration decreased the plateau potential. The Ca 2+ concentration (1 mM) in modified ACSF is lower than that in normal ACSF (2 mM), but has been reported to better mimic the physiological conditions (Harris et al., 1984; Zhang et al., 1990) and facilitate in vivo-like network activity (Sanchez-Vives and McCormick, 2000) . Considering that Ca 2+ concentration in the CSF varies when cortical activity changes (Massimini and Amzica, 2001; Torres et al., 2012) , we speculate that the persistent activity in PANs may dynamically participate in different cortical states.
Similar to the delay-period activity during working memory (Goldman-Rakic, 1995) and the activity induced pharmacologically in cortical PCs (Egorov et al., 2002; Sidiropoulou et al., 2009) , persistent activity found in human and monkey cortical interneurons could be a putative substrate responsible for the storage of a transient memory trace or the modulation of persistent activity in principle neurons. In addition, PANs provide a paradoxical cortical inhibition: in response to weak synaptic inputs, these neurons generate persistent firing, elevate cortical inhibition, and decrease the gain of neural circuit; in contrast, strong inputs hold back excessive firing and cause a reduction in cortical inhibition. Thus, PANs could enhance discrimination between behaviorally relevant and irrelevant cues (Duncan et al., 1997; Easterbrook, 1959) by differentially modulating activity in principal PCs. The tunable inhibition they provide may also contribute to the gain control mechanisms active during sensory processing and attention (Curtis and D'Esposito, 2003; Hillyard et al., 1998; Isaacson and Scanziani, 2011 (Table S1 ). Monkey neocortical tissues were obtained from the temporal and frontal lobes of two adult macaque monkeys during deep general anesthesia. Slices with a thickness of 250-300 mm were cut in the ice-cold sucrose-ACSF from cortical tissues with clear white and gray matter and incubated at 34.5 C in a normal ACSF for about 40 min and then room temperature until use. Coronal slices of rat frontal or temporal cortex were prepared from both juvenile and adult Sprague-Dawley rats in the same way to that of human slices. We recorded neurons in the entorhinal, temporal association, and also auditory cortex of rats and also in the medial prefrontal cortex of juveniles. During recordings, slices were perfused with modified ACSF (modified from normal ACSF; in mM: 3.5 KCl, 1 CaCl 2 , and 1 MgSO 4 ) at 35 C-36 C. Whole-cell recordings were achieved using glass pipettes filled with K-gluconate-based solution. We recorded the V m responses to serials of hyperpolarizing and depolarizing current steps (500 ms in duration) and examined the passive and active intrinsic properties. Brief current pulses (0.5-2.0 ms in duration, 0.5-2.0 nA in amplitude) were injected into each neuron to evoke single APs. PANs were identified by their ability to reliably generate long-lasting firing or depolarizing plateau potential (>500 ms in duration) after single-AP stimulation. Liquid junction potential ($15 mV) was not corrected.
To ascertain what proportion of inhibitory neurons are PANs, in a subset of experiments, we preferentially sampled from non-PCs without any intentional bias toward particular subtypes of them. We visually avoided pyramid-shaped neurons under DIC microscope and targeted all other neurons from cortical layer II to layer V. After recording, the recorded neurons were re-examined by 3,3 0 -diaminobenzidine tetrahydrochloride (DAB) staining or filled fluorescent dye, and PCs were further ruled out. In order to efficiently catch PANs in other experiments (not for proportion estimation), we specifically searched for PANs in non-PCs and discarded most non-PAN recordings.
Morphology Reconstruction
After electrophysiological recording, slices were fixed and stained with DAB using a standard ABC protocol. Three-dimensional reconstructions were then performed in the stained neurons using the Neurolucida system. The reconstructed cells without obvious cutoff of main process were selected for anatomical analysis.
Single-Cell RT-PCR
We performed single-cell RT-PCR experiments using a well-established protocol, but with minor modifications (see Supplemental Experimental Procedures). A multiplex PCR was performed for each recording, followed by PCR reactions each for a specific gene. All the primers were tested to be effective without obvious unintended amplification in multiplex PCR using total human brain RNA as a template before single-cell experiments.
NEURON Model
We implemented a single compartment model, using NEURON 7.3, with transient voltage-gated Na + and ''delayed-rectifier'' K + currents responsible for AP generation, leaky currents, and persistent Na + currents. The leaky conductance and membrane capacitance were set close to experimental data.
Statistical Analysis
All of the electrophysiological and morphological values were presented as mean ± SEM. Statistical significance of difference was tested using Student's t test. Passive parameters were derived from V m responses (<10-mV deflection from resting potential) to hyperpolarizing current steps. AP parameters were derived from V m responses to threshold current steps. Clustering analysis and principle component analysis were performed using MATLAB. Both the hierarchical clustering and k-means clustering were performed using calculated Euclidean distance. 
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